Abstract: Occupational and environmental exposures to industrial chemicals are known to cause hepatotoxicity and liver injury, in humans and in animal models. Historically, research has focused on severe acute liver injury (e.g. fulminant liver failure) or endstage diseases (e.g. cirrhosis and HCC). However, it has become recently recognized that toxicants can cause more subtle changes to the liver. For example, toxicant-associated steatohepatitis, characterized by hepatic steatosis, and inflammation, was recently recognized in an occupational cohort exposed to vinyl chloride. At high occupational levels, toxicants are sufficient to cause liver damage and disease even in healthy subjects with no comorbidities for liver injury. However, it is still largely unknown how exposure to toxicants initiate and possibly more importantly exacerbate liver disease, when combined with other factors, such as underlying non-alcoholic fatty liver disease caused by poor diet and/or obesity. With better understanding of the mechanism(s) and risk factors that mediate the initiation and progression of toxicant-induced liver disease, rational targeted therapy can be developed to better predict risk, as well as to treat or prevent this disease. The purpose of this review is to summarize established and proposed mechanisms of volatile organic compound-induced liver injury and to highlight key signaling events known or hypothesized to mediate these effects.
Introduction
The liver has many important metabolic functions. Not only does it serve as a site for conversion, storage and supply of dietary nutrients but also removes toxic compounds. It is the main location of synthesis of multiple key proteins (e.g. albumin and clotting factors), and it synthesizes and excretes bile acids, which is critical for normal uptake of vitamins, lipids and excretion of many xenobiotics. The central location of the liver within the body allows it to act as a biochemical and physical filter to protect other organs from exposure to potentially harmful compounds. The liver has therefore a very high capacity for phase I and II metabolic processes, which is responsible for the liver's '1st pass effect' in xenobiotic metabolism. By virtue of its function, the liver is often a target of toxicant exposure.
The liver maintains nutrient homeostasis via synthesis and secretion of major carbohydrates and lipids. In that role, hepatocytes, which constitute approximately 80% of the liver by mass (Stanger, 2015) , are the major player. Hepatocytes express various enzymes that allow for nutrient metabolism and for detoxification. Among the most diverse and prominent classes of enzymes are the mixed function oxidases, or cytochrome P450 family of enzymes. Such enzymes are capable of metabolizing a variety of drugs, chemicals and toxicants (Raucy et al., 1993) . The metabolism of these compounds often results in the formation of active metabolites or reactive intermediates, which may cause more harm than its parent compound, for example via DNA or protein adduct formation, or by inciting an inflammatory response (Dosanjh et al., 1994; Swenberg et al., 1999; Cai and Guengerich, 2001; Liu et al., 2010) . Therefore, hepatocytes are often the primary and initial target of damage and injury caused by chemical and/or toxicant exposure. However, hepatocytes are capable of regenerating in order to preserve the function of the entire organ to combat such injuries. Although this mechanism confers protection, the regenerative capacity of the liver is limited. If the liver is continuously damaged or if the damage is too severe, cell death and irreversible injury may occur. It is now a well-established phenomenon that multiple factors can influence and enhance liver injury (Yang et al., 1997; Day and James, 1998) . As such, certain factors may sensitize the liver to be more susceptible to damage from other factors, sequentially contributing to the development and progression of liver disease (Figure 1 ).
Liver disease is not a single clinical manifestation; but rather a spectrum of pathologies with various stages of severity (Sayiner et al., 2016) . The first stage of liver disease is characterized by lipid accumulation, or steatosis. The influx of lipids within hepatocytes dysregulates both lipid and mitochondrial homeostasis. The resulting disruption of endogenous processes can, when continued chronically, invoke an inflammatory response termed steatohepatitis. Steatohepatitis is identified histologically as lipid accumulation with an infiltration of inflammatory foci. However, if the damage is continued even further, more severe phenotypes develop, such as fibrosis and cirrhosis, which are characterized by an accumulation of extracellular matrix protein resulting in scar formation within the liver tissue. These end-stages of liver disease may ultimately lead to hepatocellular carcinoma (HCC). Although the progressive nature of liver disease is consistent independent of the source of the injury, several unique etiologies have been characterized. These include alcoholic, non-alcoholic and toxicant-associated fatty liver diseases .
Liver disease development can be influenced by several factors including underlying disease, such as non-alcoholic fatty liver disease (NAFLD) and metabolic syndrome caused by poor lifestyle choices, such as diet. But also host genetics, and importantly environmental exposures may play a significant role. Only a portion of patients diagnosed with NAFLD will go on to develop NASH (McPherson et al., 2015; Calzadilla and Adams, 2016) . Indeed, it has recently been estimated that approximately 25% of people diagnosed with NAFLD will progress to NASH over a 3-year period (Calzadilla and Adams, 2016) . Additionally, several molecular mechanisms are involved in disease progression, such as activation of the inflammatory response and activation of stress responses, including oxidative and ER stress pathways. Importantly, it is hypothesized that environmental toxicants, such as VOCs, may enhance liver injury and/or accelerate disease progression. While there have been cases demonstrated of augmented end stage liver disease [i.e. fibrosis and cirrhosis; for example, there has been shown to be an interaction between alcohol exposure and hepatitis C (Safdar and Schiff, 2004; Szabo et al., 2015) ], currently it is however, 'assumed' that mechanistically the enhancement of the disease takes place in the early stages of the disease progression, such as during steatosis or steatohepatitis. Furthermore, these earlier disease stages are more readily reversible. It is therefore critical to evaluate risk-modifying factors in the context of environmental exposures that may contribute to enhanced liver disease progression (Figure 1) .
Arguably, the most prominent health issue affecting the global population is the obesity epidemic. In the US, 62% of adults are overweight [body mass index (BMI) > 25 kg/m 2 ] and 26% are obese (BMI > 30 kg/m 2 ) (World Health Organization, 2015) . Obesity is the most common cause of fatty liver disease in the United States. NAFLD is the term for the respective progressions of this disease (Mishra and Younossi, 2012) . Canonically, fat accumulation, characterized as simple steatosis, is typically asymptomatic, yet in some cases can be associated with elevated serum transaminase levels (Browning et al., 2004) . A major independent risk factor associated with developing NAFLD is metabolic syndrome, which is There are well-known primary risk factors causing liver disease, such as obesity, alcohol or toxicants. However, it is less well understood how other mitigating factors such as host genetics or underlying comorbidities will impact or enhance liver injury caused by the primary risk factors. Importantly, although the effects of high-level occupational VOC exposures have been studied, it is becoming clear that low-level occupational and environmental exposure may interact with other risk-modifying factors, such as 'secondary' risk factors to cause liver injury at concentrations that are considered 'safe'. comprised of several cardiovascular pathologies including high blood pressure, high cholesterol, and high circulating triglycerides (Kaur, 2014) . Metabolic syndrome can lead to insulin resistance and type 2 diabetes. The combination of NAFLD and metabolic syndrome can enhance metabolic dysfunction, which in turn, can lead to a progression of further stages of liver disease.
Several genetic variations have recently been recognized as contributing to the risk of developing liver disease (Chalasani et al., 2010; Anstee et al., 2011; Severson et al., 2016) . One of the most studied single nucleotide polymorphisms is in the PNPLA3 gene. The PNPLA3 protein is involved in lipid processing and metabolism in the liver. Indeed, populations expressing a variant of PNPLA3 are more susceptible to develop NAFLD (Romeo et al., 2008; Dongiovanni et al., 2013) . In addition to genetic susceptibility, environmental factors are also recognized as risk factors for developing liver disease. Several chemicals and environmental toxicants are also known to directly affect the liver and influence disease progression. In fact, a new term has recently been coined for chemicals that directly induce obesity: obesogens (Grun and Blumberg, 2006; Chamorro-Garcia and Blumberg, 2014) . As such, it is critical that multiple factors are evaluated when studying the development of liver disease.
The field of environmental toxicology has started to shift away from analyses of single, high exposures of chemicals and begun to examine lower chronic exposures in conjunction with other potential injurious agents. Such 'exposure biology' approaches take into consideration more than one factor when analyzing liver disease susceptibility. For example, the organochlorine compound, vinyl chloride (VC), is a direct hepatotoxicant at high exposures (Cave et al., 2010) . More recently, however, studies have described that low-level exposures are sufficient in enhancing underlying liver injury (Anders et al., 2016a,b) . Vinyl chloride is only one toxicant of a larger classification known as volatile organic compounds (VOCs). Hepatotoxicity is a common end point of exposure to environmental chemicals (Wahlang et al., 2013) . Indeed, 33% of the 677 most common workplace chemicals reported in the National Institute of Occupational Safety and Health Pocket Guide are associated with hepatotoxicity (Tolman and Sirrine, 1998) . However, despite its increasing significance, this field of research is still largely understudied and poorly understood. The purpose of this review is therefore to evaluate multiple pathologies and provide mechanistic insight into how different toxicants, specifically VOCs, influence underlying liver disease.
VOCs, an overview
VOCs are organic chemicals that easily vaporize. Ambient levels are often higher indoors than outdoors, and concentrations can be significantly affected by how often windows are opened and the location of the building or residence (i.e. proximity to industrial and traffic pollution) (Cleary et al., 2017 ; United States Environmental Protection Agency, 2017a). Additionally, VOCs are often ingredients in common household products such as paints, varnishes, cleaning supplies, degreasing agents, gasoline, and dry-cleaned clothing (United States Environmental Protection Agency, 2017b). As such, the typical route for human exposure is via inhalation or dermal absorption (United States Environmental Protection Agency, 2017b). However, VOCs are also common ground water contaminants as they are present at many waste disposal sites and are the most common class of chemical found at National Priority List (NPL) Superfund sites. A substantial number of compounds on the 'ATSDR hazard substance priority list' represent VOCs, with many in the top 50 chemicals (Agency for Toxic Substances and Disease Registry, 2017). Although there have been several instances of mass exposure to VOCs, one of the more studied cases is from the Camp Lejeune military base in North Carolina. Up to 1 million people, including military personnel and their families, were exposed to a mixture of VOCs [Trichloroethylene (TCE), tetrachloroethylene (PCE), benzene, and VC] via contaminated drinking water in the 1980s (Maslia et al., 2016) . A retrospective mortality cohort study demonstrated increased mortality and deaths from cancer, including liver, in personnel exposed at Camp Lejeune compared to a non-contaminated military base (Bove et al., 2014) . However, other health effects and long-term outcomes are still being evaluated.
VOCs have long been used as industrial solvents. Therefore, occupational exposure has been the most studied form of VOC exposure and has also been used for risk assessment. Many of these compounds are directly hepatotoxic at high levels. Indeed, studies of high, occupational exposures have been invaluable for elucidating mechanisms of injury and have been instrumental in establishing the current safety regulations for many VOCs (Wahlang et al., 2013) . However, with the average global BMI increasing and with nearly 25% of the global population having underlying NAFLD , it is necessary to begin to incorporate other contributing factors when developing models of risk assessment and safety guidelines. It is also vital to study lower environmental exposures and/or chronic indoor exposures as probable risk factors for developing liver disease and toxicity. Populations in residential areas surrounding polymer producing facilities or other industrial plants are at risk for chronic exposure. Although many of these chemicals have been known human toxicants for decades, their mechanism of action is still incompletely understood.
As with most disease states, the mechanism of injury is often not solely due to one factor, rather, a combination of events that affect the health of the organ. Here, although several distinct mechanisms are presented separately, it is important to note that injury is a continuous and cyclic process. The reason several of these VOC chemicals are ranked so high on priority lists/IARC categories is due to their properties as direct toxicants with multiple organ targets, very high potential risk for human exposure, and complex mechanisms of action. Some chemicals have been more studied than others and this review will serve to shed light on the need for future mechanistic work on environmental exposure studies with not only VOCs, but environmental contaminants as a whole.
Steatosis
As stated in the Introduction, early pathological changes during NAFLD development include abnormal accumulation of lipids within hepatocytes. There are several mechanisms by which steatosis can occur: increased de novo lipid synthesis, increased free fatty acid (FFA) uptake from circulation, impaired mitochondrial β-oxidation, and impaired VLDL secretion (Cohen et al., 2011) . Significant accumulation of not only triglycerides, but also other fatty acid species can lead to lipotoxicity and further tissue injury (Ibrahim et al., 2011) . Although obesity can cause all of these processes, several VOCs are known to independently induce hepatic steatosis, or to enhance pre-existing steatosis caused by other factors. For example, vinyl chloride and its metabolite, chloroethanol, have been shown to disrupt hepatic lipid metabolism (Anders et al., 2016a) . In this study, mice were exposed to sub-hepatotoxic concentrations of chloroethanol and a secondary inflammatory stimulus of lipopolysaccharide (LPS). Interestingly, even though chloroethanol caused no liver damage per se (normal transaminase levels), steatosis was observed with chloroethanol alone. Moreover, chloroethanol also significantly enhanced macro-and micro-vesicular fat accumulation caused by LPS.
Carbon tetrachloride, a now banned chemical solvent, has historically been used as a degreaser, propellant, and as a component in fire extinguishers. However, to this day, carbon tetrachloride is often used as a classic example of occupational hepatotoxicity. A study by Allman et al., described that mice concomitantly exposed to a Western diet and carbon tetrachloride had worse hepatic steatosis and enhanced injury. Additionally, the same study demonstrated that a single dose of carbon tetrachloride was sufficient to induce fat accumulation (Allman et al., 2010) .
Another common VOC is perchloroethylene (tetrachloroethylene, PCE). PCE is a class IIa (probable human carcinogen) and is a common contaminant found at many EPA Superfund sites. Philip et al. demonstrated in a repeat dose study that PCE exposure was sufficient to elevate serum transaminase levels and induce hepatic steatosis (Philip et al., 2007) . Recently, the Rusyn group has demonstrated that PCE exposure worsens hepatotoxicity upon co-exposure with a high fat diet feeding. Metabolomics analyses from the same studies suggest that PCE toxicity significantly alters lipid homeostasis in vivo, contributing to enhanced steatosis (Cichocki et al., 2017a,b) . Additionally, there is evidence that PCE acts via PPARα mediated pathways (Zhou et al., 2017) . Importantly, PPARα has been implicated as a key player in NAFLD development as it is a central regulator of hepatic lipid homeostasis and its inhibition has been demonstrated to cause hepatic steatosis (Pawlak et al., 2015) . In an occupational cohort study of dry cleaner workers exposed to dimethylformamide (DMF), many of them presented with hepatic fat accumulation (Redlich et al., 1988) . It is therefore a reasonable hypothesis that the concomitant exposure to such VOCs with the presence of fatty liver could significantly enhance or predispose individuals to liver injury.
Metabolic disruption and insulin resistance
Both metabolic dyshomeostasis and insulin resistance can be causative factors or a result of developing NAFLD. As mentioned previously, NAFLD induces alterations in pathways regulating lipid metabolism. Similarly, other metabolic pathways such as carbohydrate metabolism can be affected. Furthermore, 50-75% of patients diagnosed with type 2 diabetes also present with hepatic steatosis (Targher et al., 2005) and insulin resistance has been directly correlated with NAFLD development ( Seppala-Lindroos et al., 2002; Utzschneider and Kahn, 2006) . Several VOCs have been shown to disrupt normal hepatic metabolism, thus contributing to their toxicity.
For example, a sub-lethal dose of carbon tetrachloride significantly increased liver damage and insulin resistance in rats fed a high-fructose diet (Pooranaperundevi et al., 2010) . Carbon tetrachloride, at high concentrations, has also been shown to directly impair insulin signaling and sensitivity (Meyer-Alber et al., 1992; Arai et al., 2010) . In a recent study with a cohort of highly exposed VC workers, significant liver injury was observed via biopsy, however, typical markers of liver injury (i.e. elevated transaminase levels) were not elevated (Cave et al., 2010) . In addition to describing toxicant-associated steatohepatitis, Cave et al. showed that occupational exposure to VC was sufficient to increase plasma insulin levels, indicating perturbed insulin and glucose signaling (Cave et al., 2010) . A more recent metabolomics analysis on a cohort of occupationally exposed VC workers revealed changes in several lipid metabolites and differential expression of metabolism regulating enzymes, such as AMPK (Guardiola et al., 2016) . Moreover, a mouse model of VC metabolite exposure showed disruption of the hepatic metabolism. Both mTOR and AMPK, which are usually activated in opposition, were both activated causing a 'pseudo-fasted state', resulting in paradoxical lipid accumulation and glycogen depletion (Anders et al., 2016a) .
A recent analysis of the National Health and Nutrition Examination Survey (NHANES) database looking at urinary concentrations of acrolein metabolites and insulin resistance demonstrated significant, positive associations between acrolein exposure and both diabetes and insulin resistance (Feroe et al., 2016) . Another well-studied VOC, benzene is biotransformed via CYP2E1 to its active metabolites. Park and coworkers observed significantly elevated liver transaminase with benzene exposure. Importantly, 'omics analyses showed that benzene affects lipid and glucose regulatory genes in a time dependent manner from initiation of exposure (Park et al., 2008) . Benzene exposure has also recently been shown to cause increased serum cholesterol levels in a mouse inhalation study (Abplanalp et al., 2017) . Cardiovascular disease risk was the principle parameter of this study. However, as mentioned in the Introduction, metabolic syndrome has a significant cardiovascular component. Importantly, as cardiovascular disease risk is the leading cause of death in NAFLD patients (Ong et al., 2008) ; the ability of benzene exposure to increase risk for cardiovascular disease provides critical insight to the potential of VOCs' contribution to the developing of NAFLD.
Oxidative stress
Oxidative stress plays a major role in multiple pathologies and disease states. Oxidative stress results from an imbalance of reactive oxygen and reactive nitrogen species (ROS/RNS) and intracellular antioxidant defenses (Sies, 1985) . Mitochondria are a significant source of endogenous ROS as electron leak occurs during normal oxidative respiration (Savini et al., 2013; Kozlov et al., 2017) . However, perturbations in cellular homeostasis often disrupt mitochondrial function resulting in irreversible damage. In NAFLD, mitochondrial derived ROS contribute significantly to oxidative damage (Begriche et al., 2013) . Specifically, oxidative damage occurs upon covalent adduct formation on major macromolecules within hepatocytes. Proteins, lipids, and DNA can all be targets of oxidation adducts. Reactive oxygen species are also perpetrators of injury as increased production can cause excess damage, deplete intracellular antioxidant pools, and active other stress pathways (Czaja, 2007) . Oxidative stress has been examined in depth as a pathogenic modulator of NAFLD (Bellanti et al., 2017) . Indeed, patients with NAFLD exhibited higher levels of lipid peroxidation products compared to patients with hepatitis and healthy controls, respectively (Madan et al., 2006) .
Active VOC metabolites are oftentimes extremely electrophilic and therefore highly reactive. For example, acrolein is a well-known propagator of oxidative stress by causing lipid peroxidation adducts (Mohammad et al., 2012; Moghe et al., 2015) . Similarly, the major metabolites of TCE, trichloroacetic acid (TCA) and dichloroacetic acid (DCA), cause oxidative stress through forming lipid peroxidation adducts in vivo. Moreover, exposing AML-12 murine hepatocytes to a combination of both TCA and DCA increased oxidative stress more than either chemical alone (Hassoun et al., 2014; Hassoun and Mettling, 2015) .
The VC metabolites chloroethanol and chloroacetaldehyde both have recently been shown to independently cause oxidative damage in vivo and in vitro, respectively (Anders et al., 2016a,b) . Indeed, in vivo data from Anders and colleagues demonstrate that chloroethanol exposure significantly increased 4-hydroxynonal adduct formation in mice fed a high fat diet (Anders et al., 2016b) . Moreover, in vitro experiments with HepG2 hepatocytes show increased abundance of protein thiol adducts (Anders et al., 2016a) . Exposure to dimethylformamide in a human liver cell line exhibited reactive oxygen species production in a dose-dependent manner. This study also highlights that these reactive species inflicted oxidative DNA damage, and double strand DNA breaks, leading to cell death . Although benzene is a well-known hematoxicant, several mechanisms of action may also be applicable to other organ systems, such as the liver. For example, in a chronic, occupational study, benzene exposure was associated with altered pathway activation of STAT3, a known player in maintaining redox homeostasis (Linher-Melville and Singh, 2017), in peripheral blood monocytes caused via production of reactive oxygen species (Fenga et al., 2016) . Reactive oxygen species formation and their interactions with biomolecules results in oxidative stress. The involvement of oxidative stress pathways in both NAFLD pathogenesis and VOC induced hepatotoxicity indicate that understanding the interaction of these two exposures is important for elucidating mechanisms of hepatic injury.
Endoplasmic reticulum (ER) stress
The ER is the hub for protein folding and synthesis of the cell. The ER is also tasked with maintaining intracellular calcium and is a part of maintaining lipid homeostasis (Fagone and Jackowski, 2009; Pagliassotti et al., 2016) . When protein adducts or misfolded proteins are detected, the ER elicits the unfolded protein response (UPR). Chaperone proteins in the ER lumen become phosphorylated and allow activation of three branches of the UPR: RNA-activated protein kinase-like endoplasmic reticulum kinase (PERK), inositol-requiring enzyme 1 (IRE1), and activating transcription factor 6 (ATF6) (Han and Kaufman, 2016; Wang and Kaufman, 2016) . The UPR acts to remove endogenous stress induced by misfolded or adducted proteins. However, if the damage is too great, the system can be overwhelmed and apoptotic cascades become activated. Indeed, ER stress has been implicated as a key step in the transition from NAFLD to NASH by causing inflammation and apoptosis (Ozcan et al., 2004; Baiceanu et al., 2016; Sozen and Ozer, 2017) .
It is known that reactive aldehyde species are generated by oxidized lipids and that these aldehydes bind to ER proteins, resulting in ER stress (Vladykovskaya et al., 2012) . Acrolein, in addition to being an inducer of oxidative stress, has been shown to be a potent induced of ER stress. Increasing concentrations of acrolein significantly increase expression of several ER stress markers, without protective UPR activation in primary human hepatocytes (Mohammad et al., 2012) . Additionally, recent work performed on intestinal epithelial cells show similar results. Significant increases in several ER stress markers were observed, accompanied by an increase in apoptotic cell death (Chen et al., 2017) . Although not directly targeting the liver, intestinal barrier function is critical for liverintestinal homeostasis. Alterations in gut barrier permeability are now known to contribute to, or enhance NAFLD pathogenesis (Cani et al., 2007; Mehal, 2013; Rahman et al., 2016; Irene et al., 2017) . Interestingly, the combined acute exposure of carbon tetrachloride and dimethylformamide in a rat model showed increased ER stress activation and hepatocyte death via apoptosis (Kim et al., 2010) . As mentioned previously, Anders et al. demonstrated that the reactive aldehyde and VC metabolite, chloroacetaldehyde, is capable of inducing hepatocyte injury. In that study, it was also shown that VC metabolites caused an enhancement of ER stress markers such as ATF3 and CHOP when combined with high fat diet feeding (Anders et al., 2016a,b) . Indeed, ER stress is a known step is NAFLD progression to NASH (Puri et al., 2008; Sozen and Ozer, 2017) . Therefore, understanding how VOCs affect this stress pathway will be crucial for understanding how their exposure will affect underlying liver injury.
Inflammation
By definition, NASH is characterized by the presence of chronic inflammation and immune cell infiltration into hepatic tissue. Hepatic inflammation includes altered expression of pro-inflammatory cytokines and chemokines accompanied by innate and adaptive immune cell recruitment and activation at the site of injury (Asrih and Jornayvaz, 2013) . The previously discussed mechanisms such as oxidative and ER stress, especially in concert, are capable and sufficient to induce and propagate both local and systemic inflammatory responses (Zhang and Kaufman, 2008) . Innate immune cells, specifically hepatic macrophages (Kupffer cells) and neutrophils are key mediators of local inflammation.
Neutrophils are acute responders and important effectors of the innate immune response (Kubes and Mehal, 2012) . Neutrophil accumulation within hepatic tissue is a hallmark of NAFLD pathogenesis (Xu et al., 2014) . Neutrophils release a cocktail of oxygen radicals and damaging enzymes which cause local tissue damage (Segal, 2005) . Hepatic macrophages have also proven to be crucial for the transition to NASH. Macrophages can be activated via sterile or pathogenic stressors and release TNFα and IL-1β, recruiting circulating immune cells to the site of injury (Ma et al., 2002) and have been shown to be necessary for both experimental and human NASH development (Gadd et al., 2014; Wan et al., 2014; Reid et al., 2016) . In an acute and chronic exposure study with carbon tetrachloride, it was observed that carbon tetrachloride enhanced monocyte recruitment to the liver and promoted a fibrogenic phenotype (Karlmark et al., 2009) . In a mouse model performed by Anders and colleagues, VC metabolites caused significant increases in neutrophil infiltration and pro-inflammatory cytokine expression in mice fed a diet rich in saturated fatty acids. Additionally, inflammasome activation was shown to be a key mechanism of inflammatory injury in this model. Interestingly, mice that were fed a diet rich in unsaturated fatty acids were protected from injury and inflammasome activation in this model (Anders et al., 2016b) . More recently, in a chronic low-level VC inhalation study, increased neutrophil accumulation was observed in mice fed a high fat diet and exposed to VC; however, no changes in plasma cytokines or macrophage recruitment were seen. This indicates a specific, localized inflammatory response to tissue injury caused by VC in mice fed a diet rich in saturated fatty acids (Lang et al., 2018) .
Another mechanism of inflammation in which neutrophils play a major role is the formation and release of neutrophil extracellular traps (NETs). NETs are an extensive meshwork of decondensed chromatin and hydrolytic enzymes, including myeloperoxidase, which significantly contributes to tissue injury and necrotic cell death . Interestingly, acrolein has recently been shown to increase hepatic tissue damage after ischemia reperfusion. Increased inflammatory cytokines, such as TNFα and IL-1β, were observed along with enhanced NET formation in isolated neutrophils (Arumugam et al., 2017) . The role of the inflammatory response to VOC induced toxicant damage is an area that still remains incompletely understood. However, elucidating the mechanisms of the inflammatory response to VOC toxicity will provide crucial insight into understanding their mechanisms of injury.
Cell death
The combined and prolonged effect of mechanisms of injury culminate with activation of cellular death processes. Apoptotic hepatocyte cell death is a hallmark of NAFLD (Feldstein et al., 2003) . However, upon extreme damage or loss of intracellular energy stores, necrotic death occurs, resulting in increased local inflammation and tissue damage. Indeed, all of the VOCs discussed in this review are inducers of cell death via various mechanisms (Figure 2 ). For example, the mechanism of VCinduced hepatocyte death is primarily necrosis. Cave et al. demonstrated serum CK-18 levels in exposed workers were consistent with a necrotic phenotype (Cave et al., 2011) . Upon exposure to VC, reactive intermediates form though bio activation processes and diet-induced obesity decreases their elimination. Through carbonyl stress and the generation of reactive oxygen and nitrogen species (ROS/RNS), VC metabolites cause ER stress leading to mitochondrial damage, which impairs oxidative phosphorylation; the cell increases flux through glycolysis to compensate for this loss of ATP yield. The increased demand for glucose depletes glycogen stores. AcetylCoA is being shunted to lipid synthesis (causing steatosis) rather than β-oxidation, even under conditions of ATP depletion, resulting in an increase in lactate production. The combined metabolic stress of VC exposure and ATP depletion likely causes 'liponecrosis' associated with increased oxidative stress, ER stress, and inefficient mitochondrial respiration and energy production.
Supporting this, in mice, VC metabolite exposure causes an overall increase in cell death, while hepatocyte apoptosis is decreased (Anders et al., 2016a) , suggesting that there is enhanced necrosis rather than apoptotic cell death caused by VC metabolites.
Conversely, carbon tetrachloride toxicity leads to hepatocyte death predominantly via apoptosis. Several studies have examined the role of caspase activation in the apoptotic pathway and hepatotoxicity of carbon tetrachloride. Kim et al. showed enhanced apoptotic activation via caspase-3 activity with the combination of dimethlformamide and carbon tetrachloride exposure (Kim et al., 2010) . Carbon tetrachloride biotransformation via CYP2E1 is critical in its cytotoxicity. In vivo rat data showed increased activity of caspase 3, 8, and 9 following carbon tetrachloride exposure (Ijiri et al., 2017) . In another study it was demonstrated that cell death caused by carbon tetrachloride exposure was alleviated in caspase 12 knockout mice, indicating a critical role of caspase 12 in carbon tetrachloride-induced cytotoxicity .
Xu and colleagues have also examined the caspase cascade activation with TCE exposure in L02 human hepatocytes. Indeed, they observed both a time and dose dependent increases in pro-apoptotic proteins, BAD and BAX (Xu et al., 2012) . Identifying mechanisms of VOC inflicted cell death are crucial for understanding their toxicities. Taken together, as apoptotic cell death is a key characteristic mechanism of NAFLD pathogenesis, by understanding the mechanisms by which these chemicals cause cell death, it will fill knowledge gaps regarding VOC and NAFLD co-exposure and risk for potentially enhanced hepatic damage.
Diagnostic relevance of VOCs for human disease
Independent of the industrial VOCs used commercially; there are also several VOCs that are produced endogenously through metabolism and exhaled through the breath which can be used for diagnoses of human disease. Common VOCs in exhaled breath include ethane, pentane, aldehydes, and isoprene (Boots et al., 2012) . In the past few decades, the diagnostic potential for breath and urine analyses regarding VOCs has gained traction. For example, exhaled VOC profiles can be used for the diagnoses of COPD and asthma (Boots et al., 2012) and diabetes (Das et al., 2016) . Additionally, VOC analysis has been used in the diagnoses of several forms of cancer (Peng et al., 2010) . More recently, VOC analyses have begun to be applied to both gastrointestinal and liver diseases. Indeed, patients with irritable bowel syndrome have been shown to have unique VOC breath fingerprints compared to healthy controls (Arasaradnam et al., 2016) .
In regards to aiding in liver disease diagnosis, Arasaradnam et al., recently showed that urinary VOC analysis can be used to distinguish between healthy controls and patients presenting with both NAFLD and NASH, and also was able to differentiate between NASH and NAFLD (Arasaradnam et al., 2015) . Moreover, it has also been demonstrated that obese individuals have a unique VOC profile extracted from the fecal microbiome compared to healthy controls (Raman et al., 2013) . The diagnostic potential of VOCs in both exhaled breath and urine are beginning to be examined in more detail. Using VOC analytes for diagnosis is less invasive and faster than traditional diagnostic measures, such as biopsies. Indeed, this area has made significant progress over the last 10 years; however, more research is needed to broaden the application of such methods. To that extent, using VOCs as diagnostic tools may also aid in emphasizing the importance of understanding the mechanisms of their hepatotoxicity and how their exposure impacts human health.
Summary and conclusions
Although industrial chemical exposures have long been known to cause fatty liver both in humans and animal models, toxicant-induced steatosis was typically not emphasized as its clinical significance was considered doubtful. Only recently, it has become clear that these toxicants can induce steatohepatitis (TASH) and that steatohepatitis may lead to meaningful clinical outcomes including decompensated cirrhosis, HCC, and cardiometabolic disease. However, the interaction of environmental chemicals, such as VOCs with other factors, such as genetics, diet or underlying diseases, such as NAFLD, is still largely understudied.
Animal research to predict human disease serves several critical roles. Not only does this research inform on new potential mechanism(s) by which injury occurs, but may also lead to applied knowledge that can be directly translated into the clinics. For example, if there are already therapies available that target those mechanisms, then these can be 'repurposed' for the toxicity. Furthermore, specific mechanisms of injury may have specific 'footprints' in biological tissues, such as altered protein, expression or metabolite profiles. Therefore, better mechanistic insight into toxicity could identify biomarkers (or surrogate biomarkers) to determine inter-individual risk. However, such advances only are possible when the mechanisms are validated in human cohorts. For this reason, it is absolutely critical that prospectively designed human studies incorporates (or at least allows in future work) the investigation of variables that may validate the mechanisms identified in animal models. Although some studies in humans have done exactly that for environmental exposures, such bench-to-bedside translation is needed more universally. Therefore, more research is needed to understand the mechanisms of toxicant-induced liver injury, so that more effective diagnostics and therapeutics may be developed. 
